Introduction
In addition to the compelling evidence demonstrating the role of phospholipids as signaling molecules, the negative charges carried by these lipids are known to recruit positively charged proteins to localized membrane domains. The contribution of phospholipids to the negative charge of cellular membranes was recently reviewed by Yeung and Grinstein [1] . Briefly, monovalent lipids including phosphatidylserine (PS) and polyvalent phospholipids including phosphatidylinositol-4,5-bisphosphate (PIP 2 ) and phosphatidylinositol-3,4,5-triphosphate (PIP 3 ) are asymmetrically distributed at the cytosolic surface of membranes and confer a negative charge to the plasma membrane, creating an electric field equivalent to 10 5 V/cm [2] [3] [4] [5] . It is well established that electrostatic interactions between positively charged molecules and negatively charged phospholipids are important for targeting signaling pathways [1, 6] . As proposed by
McLaughlin, these interactions may be modulated by the charges in either the membrane or the protein [7] . The role of the electrostatic interactions in the recruitment of positively charged proteins to the plasma membrane has been analyzed in several cell lines but previous studies designed to analyze phospholipid localization and metabolism in primary neutrophils are lacking, since these critical white blood cells are short-lived and terminally differentiated. The recent development of a transient transfection technique for primary murine neutrophils has allowed us to study lipid metabolism and membrane charge in real time in these important infection-fighting cells [8, 9] . We describe here experiments which demonstrate that local changes in membrane phospholipid composition alter the net membrane charge which impacts Rac isoform localization based on the C-terminal domain of these small GTPases.
Rac1 and Rac2 carry a positive charge at the C-terminus, where Rac1 has an estimated +7 charge conferred by six basic residues (KKRKRK) at the PB domain while
Rac2 has an estimated +4 charge conferred by three basic residues (RQQKRA). Recent studies have demonstrated that the polybasic sequence (PB) of Rac1 is important for protein localization and function, including the regulation of NADPH oxidase assembly [10, 11] , Rac1 binding to PIP 3 [12] , Rac1 membrane targeting [13, 14] and nuclear import of Rac1 [15] [16] [17] . Yeung et al (2006) [18] demonstrated that Rac1 and K-Ras localize to plasma membrane compartments based on their PB domain net charge [19] but the role of membrane charge in the localization of moderately charged proteins including Rac2 still needs to be elucidated. Considering the differences in the PB domains and the different roles of Rac isoforms in neutrophil functions [14, 20, 21] , we wanted to analyze the lipid-dependent charge distribution in primary neutrophils and the charge-dependent selective recruitment of Rac isoforms during phagocytosis and chemotaxis. Our results presented here indicate that the combination of PS, PIP 2 and PIP 3 generate a high negative charge (-8) at the plasma membrane of actin rich pseudopods during phagocytosis and chemotaxis, which preferentially recruits Rac1. The lipid metabolism that follows receptor activation during phagocytosis results in the depletion of PIP 2 , PIP 3 and PS at the phagosome membrane and creates a moderate negative net charge that recruits Rac2 at the expense of Rac1. We show here that lipid metabolism at membranes regulates the net membrane charge which is responsible for selective recruitment of charged proteins including positively charged small GTPases based on their own inherent net positive charge.
Materials and Methods
DNA constructs. The Kras4B-derived charge probes were a kind gift from Dr. John E.
Silvius (McGill University). Briefly, chimeric proteins were engineered by fusing the carboxy-terminal sequence of K-ras4B to enhanced green fluorescent protein (EGFP).
Mutations were introduced into the K-ras4B-derived portion of this sequence by oligonucleotide-directed mutagenesis, creating an array of charge biosensors ranging from +2 to +8 [22] . The constructs use were EK (SKDGKKKKKKSKTKCVIM, +8),
(AAAGKKQQKKAQAQCVIM, +4), EKAQ3Q (AAAGKQQQKKAQACVIM, +3) and EK6Q (SKDGQQQQQQSKTKCVIM, +2). The mRFP-Lact-C2 construct was a kind gift from Tony Yeung (University of Toronto) and was constructed by cloning the C2 domain of bovine lactadherin into mRFP-C1 vector [6] . This construct specifically recognizes sequence and preserved CAAX box [14] and were kind gifts from Dr. Naoaki Saito (Kobe University, Japan). The vector PH-PLC -GFP [25, 26] encodes the PH domain of PLC fused to EGFP (PH-PLC-GFP) and its construction has been described previously.
The PH-AKT-GFP and PH-AKT-RFP encode the PH domains of protein kinase B fused to green or red fluorescent proteins and were also a kind gift from for Dr. Sergio
Grinstein. The PX-P40-GFP [27] construct encodes the PX domain of p40-phox. All constructs were encoded in pcDNA3 or C1 plasmids and purified using QIAGEN Highspeed Maxi plasmid kit.
Neutrophil preparations and transfection. All procedures described were carried out in accordance with the Guide for the Humane Use and Care of Laboratory Animals and were approved by the University of Toronto Animal Care Committee. Neutrophil isolation was carried out as described previously [20] . Briefly, neutrophils were isolated from 6-10 weeks old C57BL/6J wild-type mice. Neutrophils were isolated from tibia and femur bone marrow using discontinuous Percoll (Sigma-Aldrich, Ontario, Canada)
gradients of 82%/65%/55%. More than 90% of cells isolated were mature neutrophils as assessed by Wright-Giemsa staining. Viability as determined by trypan blue exclusion was >90%. Bone marrow murine neutrophils were transfected using the protocol described previously [9, 21] . Briefly, 3x10 6 primary neutrophils were resuspended in 100 µl nucleofactor solution V and supplemented with 5 µg of the described DNA constructs.
The cells were nucleoporated using the program Y-001 (Amaxa biosystems) and allowed to recover for 2 hours before the experiments. In experiments involving phagocytosis, ~71% of transfected cells had at least 1 internalized bead after 30 minutes of phagocytosis. The transfection efficiency was analyzed by direct cell counting. Similar transfection efficiency was observed between the transfected probes (EK-GFP -51% ± 4.8%, PH-AKT-GFP -53% ± 6.9%, Rac1Q61L-GFP -44% ± 4.1%, PH-PLC-GFP -47% ± 4.9%, Lact-C2-GFP -52.2% ± 3.9%). The images were analyzed on a cell-by-cell basis in order to overcome expression levels variability or transfection efficiency. The differences in probe expression levels (based on MFI) were not significantly different. 
Results

Membrane phospholipid metabolism at the phagosome decreases net membrane charge
To evaluate the distribution of membrane charges during phagocytosis, primary neutrophils were transfected with previously described fluorescently tagged charge biosensors that report the cytoplasmic surface charge of cellular membranes in real-time [1, 22] . In neutrophils undergoing phagocytosis, the highly charged biosensors (+6 and +8) associated with the plasma membrane while the moderate to low-charge (+2 and +3)
probes associated with endomembranes ( figure 1A) . A clear decrease in the membrane charge negativity was observed from the plasma membrane towards the inner membranes. As shown in figure 1B , the highly charged +8 preferentially associate with the plasma membrane, while low-charge biosensors have a low plasma membrane affinity. Interestingly, the +4 biosensor highlights the phagosome membrane, while the low charge biosensors (+2 and +3) display a more nonspecific binding to endomembranes, possibly golgi membrane and others. This is important to show that the phagosome membrane carries an intermediate membrane charge that is distinct from other endomembranes and the highly charged plasma membrane.
It has been demonstrated recently that membrane phospholipid composition determines the surface charge potential, which in turn regulates the localization of positively charged proteins [6, 7, 22] . In order to understand the observed differences in is enriched at the pseudopods and rapidly dissociates from the newly formed phagosome membrane ( figure 2C ). In contrast, PS (Lact-C2-RFP) localization is unchanged as it is found both at the plasma membrane and phagosome membrane during all the stages of phagocytosis ( figure 2D ).
Distribution of net membrane charge during neutrophil phagocytosis: Tracking the localization of Rac1 and Rac2
The differences in the charge distribution throughout the cellular membranes led us to analyze the subcellular localization of active Rac1 and Rac2 as it has been demonstrated previously that Rac1 and Rac2 localize to separate membrane compartments during phagocytosis [29] . To accomplish this, constitutively active forms of Rac1 (Rac1CA) and Rac2 (Rac2CA) were transfected into neutrophils and analyzed in real-time during phagocytosis. Active Rac1 and Rac2 clearly differed in their localization during the progressing stages of phagocytosis ( figure 3A and B). Rac1 was primarily found at the plasma membrane and pseudopods during phagosome formation, showing little association with the newly formed phagosome (Movie S1, Figure 3A ), while Rac2 was weakly associated with the bead contact area but progressively accumulated to the base of the phagocytic cup and the fully developed phagosome (~30 minutes; figure 3B ).
It is clear from this data that Rac1 followed the +8 biosensor (figure 3A, +8 panel) distribution pattern while Rac2 followed the +3/+4 biosensor distribution (figure 3B, +3
and +4 panels). The specific localization of Rac1 and Rac2 during different stages of phagocytosis is summarized in figure 3C .
It has been reported that the C-terminal polybasic domain of small GTPases is responsible for the membrane domain targeting of these proteins [13, 14] . [31]. This approach verified that the polybasic sequence influences the plasma membrane or phagosome membrane recruitment of Rac ( figure 3E ). The Rac1-2-1 construct matched the localization pattern of the Rac2 small GTPase and was found at both internal membranes and mature phagosome membranes, while Rac2-1-2 followed Rac1 and was preferentially associated with the plasma membrane ( figure 3E ). Taken together, the results confirm that the charge conveyed by the PB domain alone determines Rac isoform distribution.
A new insight into chemotaxis: The polarized accumulation of negative charges at the leading edge membrane
Neutrophil chemotaxis is characterized by the polarization and migration up shallow chemical gradients. Our group and others have shown the importance of Rac small GTPases in this process, especially in the regulation of actin remodeling at the leading edge [21, 32] . To assess the distribution of membrane charges during primary neutrophil migration, neutrophils were transfected with the +3 and +8 biosensors and analyzed in a micropipette delivered fMLP-mediated chemotaxis assay. As shown in figure 4A , the +8 charge biosensor immediately translocated to the leading edge membrane and membrane ruffling area closest to the chemoattractant source (5-fold increase compared to the membrane marker) and rapidly re-localized (< 12 seconds)
when the source was moved to another location (Movie S2 and S3). The +3 biosensor was mainly cytoplasmic and weakly translocates to the early forming leading edge area.
Rac2CA did not accumulate at the plasma membrane and followed the +3 distribution pattern (data not shown). To further evaluate the charge dynamics of the leading edge membrane, the distribution of PIP 2 , PIP 3 and PS were analyzed during neutrophil migration. In all experiments CTB was used as a membrane volume marker and its distribution was always uniform within the entire plasma membrane. In contrast to what was observed during phagocytosis, PIP 3 increased at the leading edge membrane while there were no significant changes in PIP 2 and PS (figure 4B and 4C). Importantly, even without ratioed analysis (PIP 3 /CTB), the increase of PIP 3 at the leading edge is clearly evident (see supplemental movie S4). This accumulation of the negatively charged PIP 3 lipid in the leading edge membrane explains the translocation of the +8 biosensor to the leading edge membrane. In order to confirm the role of PIP 3 in the polarization of the charges towards the leading edge, neutrophils were transfected with the +8 biosensor and treated with 100 nM Wortmannin. Figure 4D shows that wortmannin blocked the accumulation of +8 at the leading edge. We describe here for the first time that neutrophils have a polarized plasma membrane charge distribution during chemotaxis and the accumulation of negatively charged PIP 3 at the leading edge membrane results in the recruitment of highly charged proteins including Rac1 (figure 4E).
Discussion
The goal of this study was to determine the distribution of membrane charge in primary neutrophils during chemotaxis and phagocytosis and determine whether changes in membrane charge contributes to the differential localization of Rac small GTPases to specific cellular membranes. We describe here that during phagocytosis the partial depletion of specific membrane phospholipids (PIP 2 , PIP 3 ) in the phagosome membrane decreases the net membrane charge. Importantly, the persistence of PS in the phagosome membrane generates a moderately charged membrane environment that results in the preferential localization of Rac2. During chemotaxis, neutrophils show increased membrane negativity at the leading edge due to the accumulation of PIP 3 . Through these
two neutrophil processes we demonstrate that electrostatic forces between negative membrane lipids and the positive amino acid residues in the C-terminal of the proteins influence the localization patterns of Rac1 and Rac2 to distinct membrane compartments which adds further insight into the mechanisms regulating small GTPase localization.
Charge-dependent membrane targeting in Rac small GTPases
Efficient membrane localization and activation of small GTPases is a complex process that involves RhoGDIs, GEFs, GAPs and other binding partners that may influence the localization of small GTPases. The competition for proteins to bind to specific membranes depends on several factors, including the presence of specific lipid binding motifs, protein-protein interactions and lipid charge interactions. is the key element regulating the recruitment of these proteins, several other studies have
shown that more abundant negative lipids like PS are equally important in the targeting of positively charged proteins [6] . As a case in point, previous work by the Grinstein group has demonstrated the important role of phosphatidylserine in generating the membrane negativity necessary for the recruitment of positively charged proteins [6, 18] . In the cellular milieu, when the membrane charge decreases, moderately charged proteins effectively compete with highly charged proteins for binding sites which in turn explains the differential localization observed based on protein charge [6] .
The proposed charge-dependent Rac Localization Model
Our findings for Fc-mediated phagocytosis are summarized in figure 5A-D. Upon receptor activation, PIP 2 hydrolysis and PS externalization results in a decreased membrane charge at the bead contact area. Meanwhile, actin-rich pseudopods and the adjacent plasma membrane accumulate PS, PIP 2 and PIP 3 as highlighted by the +8 charge ( figure 5A-B) . Figure 5C and 5D show that upon phagosome sealing and internalization, 
Charge polarization during chemotaxis
We also demonstrate here that neutrophil polarization and chemotaxis is accompanied by an increase in leading edge membrane negativity and that this mechanism selectively recruits highly charged molecules to the front of the cell ( figure   5E ). This mechanism depends on the accumulation of PIP 3 
Limitations of the study
Rac is normally found in the cytoplasm associated with RhoGDI [23] in an inactive state with a small fraction associated with membranes. Upon release from RhoGDIs, small GTPases translocate to membrane compartments for activation. The charge mechanism described here would hypothetically impact on the ability of free Rac1 to bind and stay at negatively charged membranes rather than lower charge membranes (e.g. phagosome membrane). It is not the aim of this work to account for all the regulatory mechanisms that impact protein localization. However it is clear that electrostatic affinity due to phospholipids plays an important role in active small GTPase localization. The rationale for using constitutively active Rac constructs as opposed to non-mutated Rac constructs was based on several points. First, constitutively active Rac (CA-Rac) was used because changes in its' membrane association can't be attributed to more or less GEF or GAP activity. Also, CA-Rac is mainly membrane associated and its localization is not affected by RhoGDI binding, which enhances the ability to visualize its localization in real time. We recognize that the localization of constitutively active constructs does not mimic physiological signaling pathways but it did allow us to address our primary objective by controlling for other contributing factors that would have complicated the data analysis.
Summary
The present work provides evidence that neutrophils may control protein localization and the activation of signaling pathways through the regulation of phospholipid metabolism and the resulting alteration in membrane net charge. This 
